The fatigue life and stiffness of the leaf spring are the benchmark of the performance in the spring industry. Thefatigue life of a leaf spring depends upon the various factors like geometry, material, strength reduction and someuncontrollable factors. To determine the effect of variation of individual factor on the fatigue life is always achallenging task as the experimental procedure is time consuming and costly. The work presented in this paperdepicts the effect of variation of an individual factor ratio on the fatigue life of a leaf spring. A computer programhas been written in FORTRAN, for determination of the fatigue life of a LCV leaf spring, has been validatedexperimentally. The geometry factor width to span (b/L )ratio ,material factor ultimate tensile strength to Young'sModulus (Sut/E)ratio and overall strength reduction factor (Kf) have been considered in this work. The effect ofvariation of each factor on the fatigue life of the leaf spring has been determined using statistical tool NCSS. Theregression model has been depicted and validated analytically and experimentally.
Introduction
Leaf springs are the structural members which serve to absorb energy and release it. The leaf springs are designedfor the required load rate and fatigue life. The fatigue life of a leaf spring depends upon various factors like:geometry, design, material, processing, strength reduction factors and some uncontrollable factors like installationeffect, environment etc. All these factors play a vital role in achieving the required fatigue life. The prediction ofeffect of each parameter on the fatigue life is a challenge for the researcher's and engineers working in the field ofleaf spring, as it takes around 2-3 days to predict the fatigue life of the suspension spring. In the past various modelshave been suggested for the fatigue life prediction. [1] Liu et al. had written a computer program in TURBOPASCAL 5.0 for the optimum design solution for symmetrical and unsymmetrical single or multi leaf spring. Themain design objective was the minimum weight of the spring. . It was concluded that this technique is useful todesign an optimal leaf spring with a high level of efficiency and accuracy. The software developed is called as YOUHUA. The target function proposed is as below:
( ) = ( ) ( , ) + ( − 1) ( , − 1) + ( − 2) ( , − 2) − −(1) I (k, i) is the moment of inertia corresponding to the width k and thickness i. The objective is to obtain lightest springunder the given functional and geometry constraints: load, material, spring stiffness rate the desired length of theleaf spring, width and thickness. [2] Jing D proposed the general kinematical model for all types of the leaf springfor calculation of the longitudinal and winding deformation during bouncing, braking and traction. The model wasverified by some experiments. [3] Kanbot et al. presented a precise method based on non-linear finite elementsolutions by evaluating the effects of the production parameters, the geometrical tolerances and the variations in thecharacteristics of the material. They proposed a hybrid method, between the traditional and the recent ones, whichcorrelates the real life conditions and the results of computer aided engineering. [4] Arora et al. studied effect ofassembly stresses on the fatigue life of a leaf spring. They proposed a combination of stepping and individual leafcamber, so that the stress in the leaves does not exceed maximum design stress. The theoretical fatigue life of theleaf springs with and without considering the assembly stresses was determined. The numbers of specimen weremanufactured with proposed parameters. The leaf springs were tested for load rate and fatigue life on a full scaleleaf spring testing machine. The theoretical fatigue life results were compared with experimental results forvalidation. [5] Landgraf et al. described the effects of mechanical processing on the fatigue life of a leaf spring. Itwas suggested that heat treatment and mechanical processing plays a key role in improving the fatigue life of theleaf springs. The effect of processing like heat treatment including surface decarburization were expressed in anequation in terms of hardness. He suggested that fatigue strength coefficient doesn't vary with the variation inhardness. The analytical model for prediction of residual stresses developed during the pre-stressing operation wasalso depicted, which shows agreement with experimental testing. The effect of pre-stressing was expressed in termsof non-elastic behaviour. [6] Mukhopadhyay et al. worked on the leaf springs which failed permanently during theservice life. It was observed that the quench crack are normal to the surface of the leaf spring in the shot peening andpolished region. The reason for quench crack was depicted as: 1.The leaf spring thickness is less than the criticalplate thickness required for the given composition of the steel.2. The quench cracks was observed, which are alignednormal to the length of the leaf, have been identified in shot peened and polished surfaces. 3. Improper shot peeningwere the causes of failure. Also the sulphide inclusions are to be controlled. [7] Fuentes et al. investigated the originof premature fracture in leaf springs, used in Venezuelan buses. He performed common failure analysis procedures,including examining the leaf spring history, visual inspection of fractured specimens, characterization of variousproperties and simulation tests on real components. He described that fracture occurred by a mechanism ofmechanical fatigue, initiated at the region of the central hole, which suffered the highest tensile stress levels. Severalfactors (poor design, low quality material, poor heat treatment and defected fabrication) have combined to facilitatethe failure of leaf spring. The improper heat treat also contributed to the causes of the failure. The decarburizationduring the heat treatment resulted inadequate hardness and soft regions (ferrite) in the material structure. [8] Parwoto et al. discussed several case studies of suspension spring failures. The failures presented range from thevery basic including insufficient load carrying capacity, raw material defects such as excessive inclusion levels, andmanufacturing defects such as delayed quench cracking, to failures due to complex stress usage and chemicallyinduced failure. [9] Aggarwal etal. evaluated the axial fatigue strength of EN45A spring steel sample experimentallyas a function of shot peening in the circumstances used. S/N curves of the samples were correlated with leaf springscurve in vehicles. [10] Khan et al. studied the effect of changing thickness ratio on formability characteristics ofTailor Welded Blanks made of aluminium and two different steels [11] Kalita et al. studied the effect of variationof the non-dimensional material parameters E2/E1, G12/E1 and μ12 have been at different values of polar angle onstress concentration Factors. Also formulated the mathematical equation for SCF using MATLAB. It is thus available in open literature that these factors affect the fatigue life, but the mathematical model and itsrelationship, i.e. linear or non-linear, is not depicted. To determine the effect of the individual factor experimentally,requires a full scale leaf spring testing machine, which consumes around 2-3 days for the life of 100,000 cycles. Thisprocedure is time consuming and costly. In the present work, the effect of individual factor on the life of a leafspring has been depicted analytically by developing a computer program in FORTRAN .The program has beenvalidated by testing leaf spring on a full scale leaf spring testing machine. A 65Si7 leaf spring of a light commercialvehicle has been taken into consideration for this study. The geometry factors b/L ratio is considered, Sut /E ratio ofthe materials used for manufacturing leaf spring is the material factor, overall fatigue strength reduction factors aresize, surface, loading, temperature and reliability. The independent variable under each factor is varied individuallyin the program, as per the standards or as specified by the vehicle manufacturer, and the corresponding fatigue life isestimated. Using these values the mathematical model has been proposed using a statistical software tool NCSS. Themodel for each factor is validated analytically and experimentally.
Material and specifications
The 65Si7 grade material is used for the experimental work. The chemical composition of the material is C-0.65%,Mn-0.80%, S-0.07%, Si-01.65%, P-0.02%. The heat treatment is done at 880°C, quench hardened in oil at 80°Cand it is tempered at 410°C, for 90 minutes to get tempered martensite structure. The mechanical properties andparameters of the 65Si7 are shown in table 1. The specifications of the leaf spring are depicted in table 2.
3.Experimental fatigue life determination
To determine experimental fatigue life, four leaf spring specimen(S-1, S-2, S-3 and S-4) are manufactured withspecified design parameters. Analogous kind of material processing normal rolling, quenching at 880°C, hardeningin oil at 80°C, tempering at 410°C for 90mins, shot peening at 18A intensity, BHN 380-432, scragging at 0.9% of yield stress was done for all the specimens. The stress range considered for the specimens is 627MPa, 1.3 ± 0.7g. All the four specimens were tested under same stress range and fatigue life was determined.
Fig. 1 Full scale leaf spring testing machine in fully laden condition
The fatigue life of specimen S-1 is 84212, for sample S-2 is 81961, for sample S-3 and S-4 is 82226 and 85685respectively. The mean value i.e. 83513 of the fatigue life for the four specimens is taken into consideration for thisstudy as shown in table 3. As per the requirement specified by the vehicle manufacturer, the leaf springs are to be tested on full scale testing machine as per 1.3 ± 0.7g. The maximum load will be 2g and the minimum load will be0.6g. Here g represents the design load.
[12]. The Fig. 1 shows the full scale leaf spring testing machine in fullyladen condition.
Analytical method for fatigue life prediction
The Fig. 2 shows an alternating versus number of cycles plot (S-N curve) for a factored endurance limit. It is observed from theFig. 2 that the endurance limit is 636MPa without considering the various factors affecting the fatigue life. It has also been observed that the corrected endurance limit is 401.9MPa. [13] Considering the design, material andprocessing parameter of the leaf springs, the steps involved in the analytical fatigue life prediction are as follows;  ′ = 0.5 = 0.5 X 1272 = 636 [16]; Where =No. of cycles to failure, = Equivalent alternating stress, a, b are constants dependson the material properties. The fatigue life is to be predicted at equivalent alternating stress so Sa is replaced by Sae [13] . The above mentioned equation is used for fatigue life estimation and the codes for the analytical methodwritten in FORTRAN.
Effect of width/span ratio (b/L)
The first geometry parameter considered is the width/ span ratio of the leaf spring. The width of the spring is 70mm and the permissible variation in the width is ±1mm as per the vehicle manufacturer. The range of 2 is divided intoten steps. The span is 1150mm and the permissible variation in the span is ± 3mm as per the standard [14] . Therange of 6 is divided into ten steps. The minimum and maximum geometric factor ratio is calculated as below:  = / ax= 0.05984--(6)  = / = 0.06190--(7) Using the computer program the individual factor b/L ratio is varied from 0.05984 to 0.06190 with a step of0.0001320 and the resulting fatigue life is depicted in the table 4. marker shows the fatigue life corresponding to the given b/L ratio. To derive a mathematical model for b/L ratio and fatigue life linear regression analysis is carried out using NCSS software [15] . The dependent variable is fatigue life and b/L ratio is kept as independent variable. The intercept is found to -1006046 and slope is 18022386. The standard error for intercept and slope is 18915 and 2.96 respectively. A positive correlation of 0.9988 and R 2 is found to be 0.9976. The Fig. 3 shows a best fit line, which is made to pass through the control points based on the regression model. The summary of regression section is shown in the table 5.
An estimated linear regression model showing the effect of variation of b/L ratio on fatigue life is shown as:
Effect of variation in Ultimate Tensile strength/Young's Modulus (Sut/E) ratio
The material parameter considered is Sut/E ratio of the material of the leaf spring. The ultimate strength of the spring is1272MPa. The SUP 9 or SUP 11A material can be used for the manufacturing the leaf spring as per the vehiclemanufacturer. The minimum acceptable ultimate strength is 1272MPa and the maximum ultimate strength is 1300MPafor the specified material. The range of 28 is divided into ten steps to determine the effect of variation of ultimatestrength on the fatigue life of the leaf spring as depicted in table 6. The minimum and maximum value of the Young' modulus is 200000MPaand 200400MPa respectively. The range of 400MPa is divided into the step of 44.4. Using the computer program, thematerial factor Sut/E ratio is varied from 0.00635 to 0.00650.The maximum and minimum value of the Material ratio isobtained as: Fig. 4 Sut/E vs. fatigue life plot The Fig. 4 shows the effect of variation of Sut/E ratio on fatigue life of the leaf spring. It is observed that the effect ofvariation in Sut/E ratio on fatigue life is linear. As the Sut/E ratio increases the fatigue life of the leaf spring increases.The marker shows the fatigue life corresponding to the given Sut/E ratio. To derive a mathematical model for Sut/Eratio and fatigue life linear regression analysis is carried out using NCSS software. The dependent variable is fatigue life and Sut/E ratio is kept as independent variable. The intercept is found to -1041116 and slope is 178184811. Thestandard error for intercept and slope is 12470and 1941331respectively. A positive correlation of 0.9995 and R 2 is found to be 0.9991. The Fig. 4 shows a best fit line, which is made to pass through the control points based on the regression model. The summary of regression section is shown in the table 7.
An estimated linear regression model showing the effect of variation of Sut/E ratio on fatigue life is shown as:
Effect of variation in strength reduction factor
The strength reduction factor is considered to study effect on fatigue life of the leaf spring. The strength reduction factors like surface, size, temperature, loading and reliability are taken into consideration for this section. The geometric mean is taken for each. The minimum of each factor is taken to calculate the overall minimum value and same is done for the overall maximum value. The strength reduction factor is 0.63365. The minimum and maximum value of strength reduction factor is evaluated as:  = * sℎ * t * * = 0.521--(12)  = * sℎ * t * * = 0.792-- (13) 8.00E+04
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The minimum value is 0.521 and the maximum value is 0.792. The range of 0.271 is divided into ten steps todetermine the effect of variation of strength reduction factor on the fatigue life of the leaf spring. Using computerprogram, the strength reduction factor is varied from 0.521 to 0.792 with a step of 0.0301 and the resulting fatiguelife is depicted in the table 8. It is observed from the table 8 that mean value of strength reduction factor and fatiguelife is 0.656 and 132440 respectively. The Fig. 5 shows the effect of variation of strength reduction factor on fatigue life of the leaf spring. It is observed thatthe effect of variation in strength reduction factor on fatigue life is non-linear. As the factor increases the fatigue life ofthe leaf spring increases. The marker shows the fatigue life corresponding to the given value of the strength reductionfactor. To derive a mathematical model for strength reduction factor and fatigue life a non-linear regression analysis is carried out using NCSS software [15] . The dependent variable is fatigue life and strength reduction factor is kept as independent variable. The unknown parameter A, B and C for a second order polynomial is found to be 1162234, -4124370 and 3826594 respectively. The R 2 is found to be 0.9936. The Fig. 5 shows a best fit curve, which is made to pass through the control points based on the regression model. The summary of regression section is shown in the table9.
Fig. 5 Strength reduction factor vs. fatigue life plot
An estimated non-linear regression model showing the effect of variation of strength reduction factor on fatigue life is shown as:
Results and Discussion
The mathematical model for each factor is determined. The value of the fatigue life estimated by substituting the value of independent parameter in this model is termed as predicted or estimated fatigue life. The fatigue life determined fromthe codes by analytical method is termed as actual fatigue life. The difference between the actual and the predictedfatigue life is termed as residual or error (e). = --- (15) 5.1 f The Fig. 6 to 8 shows the residuals of the fatigue life corresponding to the given value of the individual factor. ReferFig. 6, the residual or error have both positive and negative value for the given span. For a given b/L ratio of 0.59843the fatigue life by analytical method is 73432 and predicted fatigue life is 72483 i.e. residual of fatigue life is 948.9 hasbeen observed. The variation is in the range of -0.11 to 1.29% for the given range of span. The Fig. 7 shows theresiduals of the fatigue life corresponding to the given value of Sut/E ratio. The residual have both positive and negativevalue for the given Sut/E value. The fatigue life for 0.006347of Sut/E ratio is 90314 and 89877 by analytical andmathematical model respectively. The error of 436.4 exists. The variation is in the range of -0.07 to 0.48% for the givenrange of Sut/E ratio. The Fig. 8 depicts the residuals of the fatigue life corresponding to the given value of strengthreduction factor. The residual have both positive and negative values. The variation of residual is in the range of45%to 80% for the given range of strength reduction factor. 
Summary of mathematical model for each factor
The table 10 shows the summary of the mathematical models for all the factors. It also depicts the mathematical model and its effect on the fatigue life. It is observed from the table 10 that the variation of b/L ratio has a linear effect on the fatigue life. The correlation for width/span ratio is positive. The coefficient of determination is 0.9976. The material factor, Sut/E ratio has a linear effect on the fatigue life of the leaf spring. The correlation is positive and the coefficient of determination is 0.9991. The strength reduction factor has a non-linear effect on the fatigue life of the leaf spring. The curve that fits best is a polynomial of order two. The coefficient of determination is found to be 0.9936.
.
Validation of the mathematical model
The mathematical model proposed for an individual factor is validated by the results obtained from the analytical method (computer program in FORTRAN) and by experimental testing on the full scale leaf spring testing machine.The fatigue life is predicted for a given value of the factor by mathematical model, analytical method and experimental testing. For comparison purpose the value of each factor is kept constant as specified by the vehicle manufacturer for allthe three procedures. The main reason for choosing the standard value as specified by the vehicle manufacture is that itwill not account to additional cost of manufacturing the springs with different specification.
It is observed from the 2. The material factor, Sut/E ratio also has a linear effect on the fatigue life. A variation of 8.65% and 1.22% isobserved from experimental results and analytical results respectively for the proposed mathematical model. 3. The strength reduction factor affects the fatigue life of the leaf spring non-linearly. A polynomial of second orderfits best in the data points. The mathematical model proposed shows a variation of 2% from experimental and -5.63% from analytical results respectively. 4. All the proposed mathematical models can be used to predict the effect of individual factor on the fatigue life ofa 65Si7 symmetrical leaf spring. 
